Resolving the Geometry/Charge Puzzle of the c(2x2)-Cl Cu(100) Electrode
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Abstract:

Potential-induced changes in charge and surface structure are significant drivers of the
reactivity of electrochemical interfaces, but are frequently difficult to decouple from the
effects of surface solvation. Here, we consider the Cu(100) surface with a c(2x2)-Cl
adlayer, a model surface with multiple geometry measurements under both ultrahigh
vacuum and electrochemical conditions. Under aqueous electrochemical conditions, the
measured Cu-Cl interplanar separation (dow—_c1) increases by at least 0.3 A relative to
that under ultrahigh vacuum conditions. This large geometry change is unexpected for a
hydrophobic surface and it requires invoking a negative charge on the Cl-covered surface
much greater than expected from the work function and our capacitance measurements.
To resolve this inconsistency we employ ab initio calculations and find that the Cu-
Cl separation increases with charging at a rate of 0.7 A/ef per Cl atom. The larger
Cu-Cl bond distance increases the surface dipole and therefore, the work function of
the interface, contributing to the negative charge under fixed potential electrochemical
conditions. Interactions with water are not needed to explain either the large charge or
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large Cu-Cl interplanar spacing of this surface under electrochemical conditions.

The relationship between the work function of a clean sur-
face measured in vacuum and the potential of zero charge for
that same surface in electrolyte serves as a bridge between
surface science and electrochemistry. ' The work function
of a surface corresponds to its potential of zero charge (refer-
enced to the absolute electrode potential of 4.44 V vs. SHE,
the Standard Hydrogen Electrode3) only if it acts as a per-
fectly non-interacting electrode. No electrode is expected to
be perfectly non-interacting. Instead, the surface frequently
interacts with the electrolyte through charge transfer and
orientation of the solvent. These interactions cause devia-
tions between the measured potential of zero charge (PZC)
and the value extrapolated from the work function.

Here, we consider two surfaces, Cu(100) and that surface
with a ¢(2x2) Cl adlayer, that have been extensively charac-
terized under both ultrahigh vacuum® '° and electrochemi-
cal ' conditions. For these surfaces, Figure 1 depicts the
known experimental values for the work function and poten-
tial of zero charge.

Under ultra-high vacuum (UHV) conditions, Cl forms a
well-defined ¢(2x2) adlayer on the Cu(100) surface and in-
creases its work function by 1.1 eV.® This work function
increase is due to the increase in the magnitude of the sur-
face dipole, and occurs upon Cl binding to many other metal
surfaces as well. 2223

The Cl adlayer changes significantly from UHV to elec-
trochemical conditions (i.e., in aqueous solution at poten-
tials near 0 V vs. SHE): the electrode is hypothesized to be
highly negatively charged,?! the Cu-Cl interlayer separation
(dcu—ci, the interplanar distance from the Cl to the first-
layer Cu atoms) increases by 0.3 A(Figure 2), and the subtle

buckling of the second layer of Cu, As (i.e., the difference in
interplanar height between the two Cu atoms in the unit cell
in the second layer of Cu, see schematic in Figure 2) may
reverse direction or attenuate. 10:13:15,17:18,21
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Figure 1. Schematics depict the Cu(100) surface (left) and the
¢(2x2)-Cl1 Cu(100) surface (right) under vacuum and under elec-
trochemical conditions, respectively, with copper atoms in orange
and Cl atoms in green. Experimental work functions (®) and
their extrapolated PZC’s (Work function minus 4.44 V vs SHE) of
Cu(100) (red, left side)® and Cu(100) with a c(2x2) Cl adlayer®
(blue, right side), with experimental Cu(100) PZC in aqueous,
noninteracting media. 16

In contrast, in the case of Cu(100) without Cl, the pla-
nar separation between the first two Cu layers does not
change appreciably between UHV and electrochemical con-
ditions, the electrode is positively charged, and the surface
does not buckle. '31® When exposed to aqueous solution, the
Cl-covered copper surface only weakly interacts with wa-
ter. Likewise, under UHV conditions water does not stick
to the Cl-covered Cu(100) surface at room temperature, and



the presence of water does not change the Cu-Cl interlayer
separation, within the experimental uncertainty.® Density
functional theory calculations support this, finding that a bi-
layer of water on this surface only weakly binds through van
der Waals interactions.® Furthermore, surface-enhanced in-
frared absorption spectroscopy (SEIRAS) measurements of
chloride adsorption on a polycrystalline Cu thin film in acid
medium indicate an increase in non-hydrogen bonded inter-
facial water, suggestive of halide-induced hydrophobicity. 2*
The experimentally estimated capacitance of this surface is
also quite low,* similar to other systems with hydrophobic
adsorbates such as CO (11 uF/cm? for Pt(111)2%2%). The
Cl-covered surface thus appears to only weakly interact with
water, in contrast to halide-free Cu(100),%5272® Cu(110)
and Cu(111).%° Surfaces that interact weakly with water
would not be expected to exhibit large geometry changes in
moving from vacuum to aqueous conditions.

idc“'Cl douw—c1 (IOX) Potential (v, SHE) |Ref.
| 1.584(5) UHV 30
T—% 11.856(15) 0.01 15
‘ 1.95(4) -0.023 and 0.142 | 13
2.00(4) 0.032 17

Figure 2. Experimental Cu-Cl interlayer separation dc,_c
from X-ray diffraction for ultra high vacuum and electrochemical
conditions (aqueous solutions of 10 mmol/L HCI), with uncer-
tainties given in parentheses. Schematic depicts dgy— ¢ and Ag,
the buckling of second Cu layer.

Here, we resolve this seeming contradiction between the
chloride-covered surface’s apparently weak solvent inter-
action,®?* and the significant Cu-Cl interlayer separation
increase and large negative interfacial charge under elec-
trochemical conditions. 1®!315:1718:21 Yo find that, even
though the adsorption of halide changes the surface’s work
function by approximately 1 V, the potential difference be-
tween the PZC of the Cu and the extrapolated “virtual” or
“fictitious”™ PZC of the charged Cl-covered electrodes is ap-
proximately 3 V. The difference in the PZC of Cu(100), and
the virtual PZC of the Cu(100) with the ordered Cl adlayer,
can be divided into three roughly 1 V contributions:

1. the downward shift in PZC of the bare Cu surface
due to interaction with water 2728

2. the work function difference between the Cu and Cl-
covered surfaces in vacuum®

3. the work function increase of the Cl-covered surface
due to increased Cu-Cl interlayer spacing under the
imposed electrochemical conditions, caused in turn
by the negative electrode charge.

The first two contributions above are already known from
experiments and first-principles calculations, as we discuss
briefly below. Consequently, we focus on the previously un-
known third contribution, combining independent evidence

*The PZC of the Cl-covered electrodes is not experimentally ac-
cessible because the Cu surface begins dissolving at potentials signifi-
cantly lower than it. Here we evaluate a fictitious PZC, the “virtual”
PZC based on the geometry of the experimentally accessible, nega-
tively charged Cl-covered electrode, for the purposes of decomposing
the contributions to the surface charge of the experimentally accessi-
ble surface. The value of the virtual PZC depends on potential, and
as the potential increases toward the PZC, the charge and the Cu-
Cl interlayer spacing must eventually decrease to approximately the
vacuum values.

from first-principles calculations and experiment. Our ab
initio calculations predict a large charge on the electrode
(= 0.4 e~ per Cl atom) under the relevant electrochemical
conditions (aqueous solution at potentials near 0 V vs SHE),
and find that dgw—c; increases dramatically with increasing
charge (= 0.7 A/e per Cl atom). We show that the work
function of the surface increases as the electrode geometry
changes with increasing negative charge. This increases the
virtual PZC, further driving up the negative charge. Inde-
pendently, we find a low experimental capacitance, implying
a large potential difference from the virtual PZC for the cal-
culated surface charge.

We perform ab initio calculations and experimental ca-
pacitance measurements of the Cu(100) surface with a
¢(2x2) adlayer of Cl. All calculations are performed with
the Perdew-Burke-Ernzerhof (PBE)?!' exchange-correlation
potential unless identified as Heyd—Scuseria—Ernzerhof
(HSE).?? We model this surface with 20 Cu atoms (10
layers) and two Cl atoms (top and bottom of the slab),
and we use lattice vectors from optimization of bulk copper
using HSE, 6.850 Bohr. All calculations are periodic, using
a plane wave cutoff of 120 Ry, 8x8x1 k-point sampling,
and Pseudo-Dojo pseudopotentials with nonlinear core-
corrections removed for HSE.?®?® Effective screening medium
method (ESM) calculations are carried out with QUANTUM
ESPRESSO 6.5, using a box height of 60 Bohr.” Vacuum
or metal boundary conditions are used in the ESM for neu-
tral or charged systems, respectively. ESM calculations with
HSE are also calculated with QUANTUM ESPRESSO, using
the Adaptively Compressed Exchange method®® modified
to perform single-precision numerics. 3¢ The exact-exchange
operator was calculated on a 4x4x1 k-point grid. Bader
charges were evaluated using the Yu-Trinkle method imple-
mented in Critic2.3”*! All other calculations are performed
in JDFTx,%? using solvation models (CANDLE,43 Lin-
earPCM**) with 1 mol/L electrolyte in water to charge
the cell (See Ref. 45 for an overview of these methods),
Coulombic truncation, and a box height of 70 Bohr.

The Cu(100) crystal was prepared by electropolishing
in neat phosphoric acid followed by extensive rinsing with
18 MQ-cm water. The crystal was then transferred to an-
other electrochemical cell containing 0.1 mol/L H2SO4 with
0.001 mol/L Cl™ that was deaerated before and during the
experiment with Ar. The specimen was immersed under po-
tential control and poised at 0.042 V vs. SHE. Voltammetry
was performed at a variety of sweep rates ranging from 0.1 to
1.0 V/s. The capacitance associated with the Cu(100) sur-
face with the saturated c(2x2) Cl adlayer was determined
from the scan rate dependence of the voltammetric current
at 0.032 V vs. SHE.

The bare Cu(100) has a PZC that is 0.88 V less than that
predicted solely from the work function, !¢ as shown in Fig-
ure 1. This nearly 1 V overestimate of the work-function
derived PZC is similar to that found for platinum, silver,
and gold. A number of attempts have been made to identify
the interactions of real electrodes that cause these differ-
ences. Early work on single-crystal metal surfaces such as
platinum and silver in aqueous electrolyte attributed differ-
ences between the work function and the PZC to the reorien-
tation of water molecules near the interface.*” Recent ab ini-

TNote: Certain commercial software are identified in this paper to
foster understanding. Such identification does not imply recommen-
dation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the software identified is necessar-
ily the best available for the purpose.
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Figure 3. Change in dgy—¢; with charge per Cl atom from ab
initio calculations. Surfaces were charged with continuum solva-
tion models with ionic screening (Candle, *3 PCM44) and ESM. 46
Green horizontal lines indicate the bounds of the experimental
dew—ci change (from top to bottom, Ref. 15,17), relative to the
vacuum value. 3? The red line is the extrapolation from the high-
est charge PCM result.

tio molecular dynamics calculations have suggested that for
a set of these metals, the orientation contribution is minor,
and rather, the difference is primarily due to electron trans-
fer from the oxygen atom in water to the metal surface.?”
It is reasonable to anticipate that the Cu(100) surface has
significant charge transfer to the metal from the electrons
on the oxygen in water, similar to the metal surfaces con-
sidered by Ref. 27. Regardless of whether the PZC shifts
because of water orientation or electronic effects, this shift
is evident from the work function shift upon water adsorp-
tion on Cu(100). Experiments find a work function shift of
—0.7 eV* to —0.9 eV® upon adsorption of water. A similar
shift (—1.1 eV) has also been found with density functional
theory (DFT).*® These downward work function shifts due
to interaction with water account for the 0.88 V downward
shift of the Cu(100) PZC relative to that expected from the
work function in the absence of water.

For the Cu surface with ¢(2x2)-Cl, the work function is
(5.69 £ 0.1) eV®® *  This value is 1.1 eV higher than
the work function of the Cu(100) surface due to the larger
surface dipole induced by the Cl adlayer.

The work function of the halide-covered surface corre-
sponds to a PZC of 1.25 V vs SHE. However, experiments
and DFT calculations®' around 0 V vs SHE suggest that
the electrode with c¢(2x2) Cl is even more negatively charged
than one would expect given that PZC and a typical value
for the capacitance of an adsorbate-covered metal surface.
We investigate the charge on the electrode with ab initio
methods.

Applying a negative charge to the electrode, we find the
increase in Cu-Cl interlayer spacing relative to the vacuum
geometry. Figure 3 shows a linear relationship between the
electrode charge and dcy—ci for DFT calculations in the
dew—ci range of interest as defined from the literature val-
ues from single-crystal X-ray diffraction (SXRD) studies.
We find that the dgy—ci changes with charge identically for
both continuum solvation model charging (LinearPCM and
Candle) and that with the countercharge on a charged wall,

TRef. 9 reports this quantity as (1.1 £ 0.1) eV larger than Cu(100)
work function, which was determined to be (4.60 £ 0.05) eV by Ref.
8, and (4.59 + 0.03) eV by Ref. 9.

using the effective screening medium approach.4® Addition-
ally, we find the same linear relationship, regardless of the
method of calculation. We compare PBE DFT with HSE,
and the exact exchange does not change the slope of this
line. However, the magnitude of charging for the HSE and
ESM cases is limited compared to that of JDFTx because of
convergence challenges in QUANTUM ESPRESSO. The ex-
perimental increases in doy—c1 are reported by others to be
between 0.27 A and 0.42 A (Figure 2). Extrapolating from
the highest charge PCM result, these dcy—c1 correspond to
a predicted negative charge on the electrode of 0.36 e~ to
0.56 e~ per Cl atom. We note though that the linear re-
lationship observed for all calculation methods will break
down in the regime where the bond breaks.

Others 2! have also performed negatively charged DFT
calculations using one Ca?T counterion per every two Cl
atoms (nominally 1 e~ per Cl atom). However, they do
not predict the charge on the electrode at the potentials of
interest, beyond identifying it as negative, or they work from
“the assumption that chloride anions retain almost their full
charge in the electrochemical environment upon adsorption
on copper”.”

To determine whether water interacts with the Cu-Cl and
modifies the Cu-Cl polarizability or work function, we also
charge the slab using continuum solvation and a single ex-
plicit water molecule, using DFT. We find that under neutral
conditions, the water molecule interacts with the Cl in its
4-fold hollow position in the c(2x2) lattice, and does not
cause the dcy—ci1 to noticeably increase. This result agrees
with findings from previous DFT studies of the neutral sur-
face that have found that a bilayer of water does not sig-
nificantly interact with the surface beyond van der Waals
interactions, 6 and that water only slightly increases dcw—ci
(by 0.03 A).w We find here that the dcy—c; in the pres-
ence of water does not noticeably deviate from that of the
continuum-only case when the charge is increased to 0.15
e~ per Cl atom. We note that at higher charges, the single
water DFT model begins behaving both unphysically and
differently from experiment, with the Cl moving from the 4-
fold hollow, the charge on the downward-pointing H increas-
ing, and that O-H bond length increasing (See structure in
Supporting Information). This could be due to a semilo-
cal DFT self-interaction error, but verification requires an
HSE calculation at a charge beyond what we can currently
converge.

To explain how the charge on the electrode increases to
reach the large value we predict at potentials near 0 V vs
SHE, we need to find the capacitance of the interface, and
the potential difference between the potential of interest and
the potential of zero charge. Sources of this large charge
include the following possibilities:

e a constant, high value of the capacitance

e a capacitance that increases with potential near the
PzZC

e a virtual PZC much higher than work function pre-
dictions from the vacuum structure

Potentials at the PZC estimated from the work function
(1.25 V vs SHE) and above it are not experimentally ac-
cessible, because the Cu(100) surface dissolves at potentials
above 0.1 V vs the standard hydrogen electrode. ¥ %1718
However, the differential capacitance of the Cu(100) surface



with the ¢(2x2)-Cl adlayer at lower potentials is easily mea-
surable.
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Figure 4. The -capacitance associated with the saturated
¢(2x2)Cl- Cu(100) was determined from the scan rate dependence
of the voltammetric current at 0.032 V vs SHE. (a) plots the
current density for the scan at 0.5 V/s. The dashed line in (b) is
the average differential capacitance from the positive and negative
scans from 0.1 V/s to 1.0 V/s, yielding a value close to 16 uF/cm?
independent of scan rate. The inset in (b) is a scanning tunneling
microscope image of the surface at 0.0 V vs SHE depicting the
¢(2x2) adlattice of the Cl.

We experimentally measure the capacitance of the
Cu(100) with ¢(2x2)-Cl to be 16 pF/cm? at 0.032 V vs
SHE, as shown in Figure 4 (Reference 14 also estimates
from experiment a low double layer capacitance for this
system). For this surface, a capacitance of 16 uF/cm? cor-
responds to a change in charge of 0.13 e~ per Cl atom over
1V (or equivalently 0.16 e~ per Cl atom over 1.25 V). 0.16
e~ is considerably less than the minimum estimated 0.36
e~ expected from the change in doy—cy. If this capacitance
is constant at all potentials between 0 V vs. SHE and the
PZC, we expect the virtual potential of zero charge to be
2.7 V vs. SHE.

We have seen that for other adsorbates (CO on Pt, Ref
25,26), the capacitance contributions of the region between
the electrolyte and adsorbate dominate the capacitance, sug-
gesting that the same may be true for this system as well.
These calculations on similar systems suggest that the ca-
pacitance near the PZC would not be dramatically higher

than the 16 uF/cm? measured far from the PZC. However,
future computational work is needed to accurately determine
the capacitance at the PZC of this surface.

Lastly, we evaluate the change in the computed work func-
tion with increasing Cu-Cl distance, dcr—cw. Specifically,
we perform a fixed-geometry, neutral, vacuum calculation to
evaluate the work function of the slab geometry taken from
a charged, solvated®* calculation. These results are shown
in Figure 5, labeled “PCM”. We then find the work func-
tion from the equilibrium geometry of a neutral, vacuum
calculation, perturbed by incrementally displacing the Cl
atoms from the slab. This is shown in the dataset labeled
“Stretch”. Both geometries yield nearly identical results,
and the work function increases linearly with increasing Cu-
Cl interlayer separation.

We also compare the PBE results with those from HSE.
The experimental work function agrees slightly better with
the HSE result versus the PBE one. We also note that the
slopes of the best fit lines for PBE and HSE differ. Due to
the expense of the exact exchange used in hybrid function-
als including HSE, DFT studies of copper with halides %5052
generally rely on semilocal functionals such as PBE as being
sufficiently correct. However, the use of semilocal functionals
can lead to significant errors at interfaces with adsorbates.
In fact, surfaces have some of the most well-documented
ab initio method failures, including self-interaction errors
(the Pt-CO problem),®® overly distributed electron-densities
of dielectric surfaces,?® and lack of van der Waals interac-
tions. %5 Additionally, halides specifically have been found to
have self-interaction errors.®® Thus, we use the slope of the
best fit line for the HSE data to give a predicted virtual PZC
estimate of 2.3 V to 2.9 V vs SHE corresponding to the range
of experimental do.,—c1 (see Figure 2) under electrochemical
conditions.

To understand the work function changes and the source
of the difference between the HSE and PBE work function
results, we assume a simple model of the surface dipole. We
consider the dipole change due to the outward movement of
the Cl, using the Bader charge for the charge of the Cl atom.
When the CI atom with charge ¢ is moved normal to the sur-
face, we expect a change in potential per unit displacement
dV/dz = q/(2€0A), where A is the area of the surface unit
cell and ¢ is the vacuum dielectric. The Bader charge on
the Cl atoms is 0.49 (0.53) in PBE (HSE) for the vacuum ge-
ometry, which corresponds to a slope of 3.36 (3.64) V/A in
good agreement with the observed slope in Fig. 5 of 3.31
(3.92) V/A. Therefore the linear change in work function
is predominantly from the change in surface dipole layer as
defined by the increase in dcy—ci. Additionally, the work
function difference between HSE and PBE is due to the dif-
ferences in their charge distribution at the surface.

In summary, the Cl adsorption as a c(2x2) adlayer on the
Cu(100) surface dramatically changes the charge on the elec-
trode relative to that of the Cl-free case, and the behavior
of this hydrophobic Cl-covered surface is not driven by in-
teractions with water. In the case of the Cl-free electrode,
the PZC is approximately 1 V below that expected from the
Cu(100) work function, due to the interactions with water.
In contrast, the Cu-Cl interlayer spacing increases as the
negative charge on the electrode increases, driving up the
virtual PZC by approximately 1 V above that predicted by
the work function of the Cu(100) with ¢(2x2) Cl.

We extrapolate to find the virtual PZC of the c¢(2x2)-Cl
Cu(100) surface using two different sets of assumptions. In
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one, we assume a constant capacitance, using the experimen-
tal value for the differential capacitance (16 uF/cm?), and
the total estimated charge (0.36 e~ to 0.56 e per Cl atom).
From this, we find a virtual PZC of 2.7 V to 4.3 V vs SHE.
We note that this estimate is significantly limited by the
assumption of constant capacitance. In the other, we take
the experimental Cu-Cl interlayer spacing, and consider the
work function increase with increasing dcw—ci with HSE,
estimating a virtual PZC that is 2.3 V to 2.9 V vs SHE.
Considering that the capacitance could plausibly be larger
near the PZC, the constant capacitance estimates are upper
bounds and the work function estimates are likely closer to
the correct virtual PZC.

This work suggests possible areas for future study. UHV
experiments and computation at higher levels of theory
would help to more accurately determine the Cu-ClI system
work function and identify possible functional errors in the
HSE and PBE. Additionally, the full capacitance of the elec-
trochemical interface is still unknown. We have modeled the
Cu-Cl portion, but we do not know the capacitance contribu-
tion of the Cl-water portion of the interface. A related chal-
lenge is that we cannot eliminate the possibility that water
may further lengthen the Cu-Cl interlayer spacing at exper-
imentally relevant potentials, or that water at the interface
would preferentially orient and drive the work function in
a particular direction. More fully accounting for the water
and electrolyte with ab initio molecular dynamics may im-
prove these predictions. Simultaneously, experiments with
nonaqueous solvents and cations larger than alkali metals
could resolve the role of the electrolyte interactions on the
interlayer spacing. Other solvents may also extend the ex-
perimentally accessible potential window, possibly to poten-
tials where the Cu-Cl interlayer spacing, and hence, virtual
PZC, would be expected to decrease. Finally, exploratory
work could identify if the behavior of this Cl-covered surface
is more general, extending to other interfaces with: 1) a PZC
above the potential of interest and 2) adsorbates with a flex-
ible bond and a dipole moment pointing in the direction of
the electrolyte. Collectively these challenges present oppor-
tunity for future experiments, computations, and methods
development.

Supporting Information

Additional computational details and convergence tests are
contained in the supporting information, including pseu-
dopotentials, plane-wave cut-off, k-point sampling and EXX
downsampling, slab z-height and copper layers, single water
calculation slab geometry, and work function change from
vacuum to solvation model calculation.
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Pseudopotentials

The pseudopotential input files were taken from the PseudoDojo library, PBE v0.4. The
inputs were modified to remove the non-local core corrections. The pseudopotentials were
created using a modified version of the oncvpsp.x code (v3.3.1). The matching radius for
inward and outward integration of the partial waves was changed from 10 times the classical
turning radius to 20 times. This change was to avoid numerical noise at medium distances
in the local potential. As shown in Fig 1, the local potential of Cu from the unmodified
oncvpsp.x code deviates from the expected —Z/r behavior (here Z is the pseudopotential
charge 19). This modification was made because within QuantumESPRESSO the correct

behavior is enforced starting at 10 a.u. (5.3 A), but within jDFTx no correction is applied.
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Figure 1: The deviation local potentials from the original and modified copper pseudopo-
tentials from the expected —Z/r behavior.



QuantumESPRESSO calculations

Plane-wave cut-off

Using the PBE functional we checked convergence of the planewave energy cut-off using bulk
copper and CuCl (cubic CuCl-V). A cut-off energy of 120 Ry (1630 eV) was found to be

sufficient to converge the total energy per atom to better than 0.002 eV /atom.
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Figure 2: The deviation local potentials from the original and modified copper pseudopo-
tentials from the expected —Z/r behavior.

K-point sampling and EXX downsampling

The calculation of the exact exchange can be carried out using a reduced g-point mesh,
subject to the constraint that the g-point mesh is an integer factor of the k-point mesh.

Using bulk Cu, the energy as a function of volume was calculated for 9 equally spaced lattice

3



vectors from 6.70 a.u. (3.55 A) to 7.02 a.u. (3.71 A). These calculations were carried out
on a 10% shifted k-point mesh with 10® g-point sampling of the exact exchange. They were
then repeated for a 10® k-point mesh with 5% downsampling and 8% k-point with both 8*
and 4% downsampling. For each, the equation of state was calculated using the 3rd order
Birch-Murnaghan equation, allowing a comparison of the equilibrium lattice constant and
the bulk modulus. Across these calculations the equilibrium lattice constant differed from
the initial run by less than 0.05.

For the slab calculations (20 Cu and 2 Cl) an 8x8x1 k-point sampling and 4x4x1 g-point
downsampling was used. The x and y lattice vector lengths for the unit cells of the slab
are v/2 larger than the bulk Cu primitive cell, making the effective k-point density slightly
larger than the 103 grid.

Z-height and copper layers

To converge the z-height of the cell, PBE calculations were carried out on a slab (20 Cu and
2 Cl), using 6.85 a.u. (3.62 A) for the x and y dimensions and varying the z dimension. Along
z, vacuum boundary conditions were enforced via the ESM. The atoms were allowed to relax
until the forces were below a threshold of 10 Ry/a.u. The convergence with respect to
simulation height is shown in Table 3, and the convergence with respect to the number of

copper atoms is shown in Table 4.

Z (a) [A] | Eperms (V) | dow_c1 (A) | Ay (A)
60 [31.8] —5.282 1.6595 | 0.0036
70 [37.0] —5.285 1.6608 | 0.0060
80 [42.3] —5.284 1.6604 | 0.0054
90 [47.6] —5.281 1.6596 | 0.0063

Figure 3: Convergence of the Fermi level, Cu-Cl spacing and, buckling (A,) with simulation
cell height Z using 20 copper atoms.



NC’u EFermi (eV) dC’u—C’l (A) AQ (A)
20 —5.284 1.6604 0.0054
24 —5.305 1.6606 0.0039
28 —5.294 1.6606 0.0039

Figure 4: Convergence of the Fermi level, Cu-Cl spacing and, buckling (As) with the number
of copper atoms using a simulation cell of height Z=80 a.u.

Production runs

As noted the runs were carried out on unit cells (20 Cu and 2 Cl), 6.85 x 6.85 x 60 a.u.
(3.62 A x 3.62 A x 31.8 A). The plane-wave cut-off was set to 120 Ry (1630 eV) and an
8x8x1 k-point grid (shifted by 1/16, 1/16, 0 ) was used. From the results above, these
settings give the Fermi level to better than 0.02 eV and relative atomic positions to within
0.002 A. For the charged calculations, the atoms were allowed to relax until their forces were
below a threshold of 10~* Ry/a.u. (2.5x10~% eV /A). The atom positions were fixed for the
“stretch” calculations. First, the atomic coordinates were taken from the relaxed positions
of the uncharged system, and then Cl atoms were moved symmetrically out from the Cu
slab. Charged calculations in excess of 0.1 e~ /Cl accumulated charge at the boundary, an

effect which persisted for a larger z=80 a.u. (42.3 A) cell as well.

Single-water calculations

Figure 5 depicts the geometry of a single-water calculations under 0.35 e~ /CL

Work function change from vacuum to solvation model

The work function for the ¢(2x2) Cl-covered Cu(100) surface in the presence of CANDLE
solvation is lower than the vacuum value by 0.16 V. This small shift reflects the parameter-

ization of the solvation model and the hydrophobicity of the surface.



Figure 5: Calculation with 0.35 e~ /Cl and a single water molecule, illustrating the (unphys-
ical) geometry of the Cl at a bridge site instead of the experimentally observed hollow site.
HSE calculations at these higher charges are necessary to check if this is a self-interaction
or other DFT error.



